Water stress is regarded as a global challenge to forests. Unlike other water-limited areas, the water use strategies of rocky mountainous forests, which play an important ecohydrological role, have not received sufficient attention. To prove our hypothesis that species adopt different water use strategies to avoid competition of limited water resources, we used site abiotic monitoring, sap flow and stable isotope method to study the biophysiological responses and water use preferences of two commonly distributed forest species, Pinus tabuliformis (Pt) and Quercus variabilis (Qv). The results showed that Pt transpired higher than Qv. Pt was also prone to adopt isohydric water use strategy as it demonstrated sensitive stomatal control over water loss through transpiration. Qv developed cavitation which was reflected by the dropping E c in response to high vapor pressure deficit, concentrated peak sap flux density (J s ), and enlarged hysteresis loop. Considering the average soil depth of 52.8 cm on the site, a common strategy shared by both species was the ability to tap water from deep soil layers (below 40 cm) when soil water was limited, and this contributed to the whole growing season transpiration. The contribution of surface layer water to plant water use increased and became the main water source for transpiration after rainfall. Qv was more efficient at using water from surface layer than Pt due to the developed surface root system when soil water content was not stressed. Our study proves that different water-using strategies of co-occurring species may be conducive to avoid competition of limited water resources to guarantee their survival. Knowledge of water stress-coping strategies of trees has implications for the understanding and prediction of vegetation composition in similar areas and can facilitate forest management criteria for plantations. The data are presented as the mean (SD).
| INTRODUCTION
Forest ecosystem plays an important role in maintaining water and controlling soil erosion worldwide. The survival of forest ecosystem is severely challenged under scenarios such as global surface air temperature increase and precipitation reduction in northern China (Shi et al., 2014) , which would greatly affect vegetation composition and plant water use. Currently, climate-induced forest degradation has already become a global occurrence (Allen et al., 2010) . Given the important role of water yield and anti-erosion of forests, especially in drought-prone mountainous areas, study of their survival strategies under such circumstances constitutes a vital issue for guaranteeing a safe ecological environment for human society in the future.
Pines and oaks are widely distributed globally and tend to cooccur in water-limited systems (Nowacki & Abrams, 2008) , but they are different in anatomical and physiological features, such as leaf types and hydraulic systems, that lead to different hydraulic regulations of transpiration to atmospheric and soil drought, such as vapor pressure deficit (VPD) (Domec et al., 2015) and soil dryness (O'Grady, Worledge, & Battaglia, 2008) . Pines have small, evergreen needle leaves and rely on smaller diameter tracheids for water transport. On the other hand, oaks are mostly deciduous and rely on large-diameter vessels for water transport (Renninger, Carlo, Clark, & Schäfer, 2015) . Consequently, ring-porous species like oaks have been found to have fewer vessels per unit sapwood but higher leafspecific hydraulic conductivity than conifers, like pines (McCulloh et al., 2010) , but the different size of water-transport conduit of the two species may indicate different abilities to regulate water loss and to minimize fluctuations in tissue water potential, that is, the larger the conduits are the more vulnerable, the species is to embolism. The existing observations are mixed. For example, in terms of hydraulic regulation, several studies have found that like other ring-porous species, oaks tend to be more anisohydric, allowing the leaf water potentials to drop with increasing evaporative demand and drought stress (Martínez-Vilalta, Poyatos, Aguadé, Retana, & Mencuccini, 2014) . By contrast, a global synthesis found that conifers had the largest "safety margin" between minimum in situ water potential and the water potential at which 50% of hydraulic conductivity is lost to embolism (Choat et al., 2012) . However, in another synthesis study, oaks and pines are both proved to be partial isohydric (Martínez-Vilalta et al., 2014) , showing strong stomatal control of transpiration rate, and thus maintain a stable leaf water potential regardless of soil water availability. Also, species differ in terms of resource acquisition strategies for water and nutrients, particularly in ecosystems with soils that exhibit low water and nutrient-holding capacity in the upper soil layers (Forrester, Theiveyanathan, Collopy, & Marcar, 2010) . In this respect, stable isotopes provide a powerful tool in identifying plant water sources. There is no isotope fractionation during water uptake by terrestrial plants (Dawson, Mambelli, Plamboeck, Templer, & Tu, 2002) . Therefore, comparisons of stable isotopic compositions of plant stem water with those of the potential water sources (e.g., soil water from varying depths and groundwater) could identify the most probable sources of water transpired by plants.
T A B L E The data are presented as the mean (SD).
More diverse communities have potential to better resist future drought (Jactel et al., 2009) . Although the protective forests were historically widespread in North China, yet the knowledge gaps on plant functioning and in turn on plant resilience to extreme drought have not been filled. Therefore, in this study, we focused on investigating the integrated biophysiological strategies of these two important coexisting tree species, namely Pinus tabuliformis, a conifer that is widespread across the world, and Quercus variabilis, a common native oak species in mountainous regions in China, with the combination of sap flow measurements and isotopic examination. We hypothesized that the water use of codominant species would stratify to minimize the negative impact from competition over limited water resource.
Specifically, we (1) investigated the species-specific responses of canopy transpiration to VPD and soil water availability under different rainfall regimes and (2) determined their water sources during rainless intervals using stable isotope methods. It is critical to understand the water use characteristics and physiological responses and it will provide new and powerful tools for selection of species in future forest management in this area. (Gartner, Nadezhdina, Englisch, Cermak, & Leitgeb, 2009; Tognetti et al., 2009 ).
| MATERIALS AND METHODS

| Site description
where θ max and θ min are the respective averaged maximum and minimum measured soil water contents (θ) across the two monitored layers (0-20 cm and 20-40 cm) during the observation period. REW varies between 0 and 1. REW below 0.4 has been widely considered as a soil water stress condition (Granier, Bréda, Biron, & Villette, 1999) (Bréda, Huc, Granier, & Dreyer, 2006) .
| Canopy transpiration and conductance
Sap flow provides insights into environmental limitations, but it has been commonly transformed to canopy transpiration because (Table 1) . Each DBH class was represented with at least one sample tree. Thermal dissipation probes (10 and 20 mm long; Dynamax Inc., Houston, TX, USA) were installed under the bark and cambium at DBH level (1.3 m above the soil). Data were collected every ten seconds using a CR1000 data logger (Campbell Scientific Inc., Logan, UT, USA), and 30-min averages of temperature difference data were stored. The sensor signal was converted to sap flux density (J s , g m −2 s −1 ) according to Granier (Granier, 1987) . Drift of daily value of maximum temperature differences (DT max ) between the two probes was reduced according to the proved procedures (Lu, Urban, & Zhao, 2004) . Both species had thin sapwood depth, and close sample points (10 and 30 mm) would not improve the estimate (Ford, McGuire, Mitchell, & Teskey, 2004) . Therefore, we did not conduct the measurement of sap flow radial profile due to limited probes.
The upscaling included two parts: spatial upscaling from individual sample tree to the stand transpiration and temporal upscaling from second to daily value (Matheny et al., 2014) . Spatially, because J s of sampled trees was used as a representation of the corresponding DBH class, the sap flux of certain DBH class was calculated by multiplying the average J s of sampled trees to As of trees within this DBH class and then summing the value of these individual trees. To get stand sap flux, we summed the values of individual DBH classes. As to the temporal upscaling, to get daily sap flux (kg/day), we first calculated the half-hourly whole tree sap flux by multiplying the product of J s and As with a time conversion coefficient to convert from seconds to a halfhour value (1,800), and then summed these values for a 24-hr period.
Daily sap flux was converted to stand-scale canopy transpiration (E c , in mm/day) by dividing the plot area.
Sapwood depth was determined by visual inspection of the increment core to determine the average sapwood depth across the plots.
We chose probes shorter than the sapwood depth to avoid insertion into heartwood which would result in underestimation of transpiration (Hultine et al., 2010) , and the sapwood area (As) was calculated as total basal area minus the heartwood area. The sapwood area of the trees without core sampling was estimated from the relationship between As and DBH (diameter at breast height), established from the cored trees.
The canopy conductance was derived following the PenmanMonteith equation (Zeppel et al., 2008) where k is the latent heat of vaporization of water (2.39 MJ/kg), E c is transpiration by species expressed as mm/hr, ∆ is the ratio of the saturated vapor pressure to temperature (kPa/C), R n is the net radiation
), 3,600 is the conversion factor from seconds to hours, q is air density (kg/m 3 ), C p is the specific heat of air (1.013 MJ kg
VPD is the vapor pressure deficit (kPa), c is the psychrometric constant (0.066 kPa/C), and G a is the aerodynamic conductance (m/s) calculated from Equation (5) (Mielke et al., 1999) .
where k is von Karman's constant, 0.41, u is the wind speed above the canopy (m/s), Z is the reference height at which wind is recorded (m), Z 0 is the roughness height (usually 0.1 hr, and h is the canopy height), and d is the displacement height (0.7 hr). The wind speed above the canopy was measured as 30-min averages;
therefore, stability effects were included and corrections are not required.
| Isotopic sampling and measurement
Sample collection and treatment. 
| RESULTS
| Environmental factors
The 
| Canopy transpiration (E c ), sap flow (J s ), and canopy conductance (G c )
Canopy transpiration of the two species demonstrated noticeable differences in the 2 years of contrasting rainfall patterns (Figure 1e ,f).
The differences in transpiration of Pt in the 2 years were more obvious than those of Qv, especially at the beginning of the growing (7) δY = c 1 δX 1 + c 2 δX 2 + c 3 δX 3 +…+c n δX n c 1 + c 2 + c 3 +…+c n = 1 F I G U R E 2 Relationship between canopy transpiration and vapor pressure deficit (VPD) (a) and (b) and between canopy conductance and VPD (c) and (d). Relative extractable soil water below 0.4 has been widely considered as a soil water stress condition (Bréda et al., 2006; Granier et al., 1999) season (Figure 1 shadow area) . There was no rainfall at the beginning of the growing season in 2014. Correspondingly, E c of Pt was significantly lower than that in 2015 when rainfall reached 58.6 mm at the beginning of the growing season. By contrast, E c of Qv during this period was similar in both years. E c of Pt in 2015 was higher than that in 2014. By contrast, E c of Qv in the 2 years was similar in magnitude. 
Canopy transpiration (E
| Contributions of the water sources used for plant uptake during water stress
The soil water of both species measured together with isotopic sampling was lower when REW < 0.4 than when REW > 0.4 (Figure 5a,d) .
Specifically, the average water content of Pt was 23.84% and 10.78% when REW > 0.4 and REW < 0.4, respectively, and decreased sinu- were most abundant at 40-60 cm for both species (Figure 5b,e) .
The observed ranges on earth of δ
18
O are much smaller than δD (Dawson & Siegwolf, 2007) , which may lead to more accurate or at least equal result using δ 
| DISCUSSION
| Indirect influence of rainfall pattern on transpiration
Theoretically, transpiration should increase with rainfall due to an increased soil water supply. For example, a higher stand transpiration rate after as opposed to before precipitation was observed under similar VPD and R (Shen, Gao, Fu, & Lü, 2015) . In our study, this was true for Pt at the beginning of the growing season in 2015. However, high rainfall did not induce an increase in total E c of both species in the growing season in 2015. Contrary to distinct rainless intervals in other studies, the continuous rainfall events in combination with total rainfall increased the relative humidity, which consequently decreased the VPD (an average daytime value of 0.68 ± 0.5 kPa in 2015 in comparison with 1.0 ± 0.7 kPa in 2014). We proved that stand transpiration was significantly influenced by VPD under all soil water conditions (Figure 2 ). Thus, low VPD would pose limitation over the transpiration. Previous studies proved the influence of precipitation patterns on tree response to transient soil moisture following precipitation pulses (O'Grady et al., 2008; Plaut et al., 2013) . In this study, we also proved that rainfall patterns exerted influence over E c by causing changes to VPD.
| Different water use strategies by the two species
Both species demonstrated saturation of E c approaching high VPD (Figure 2a,b) . This can be primarily attributed to a decrease in G c with increasing VPD (Figure 2c,d) , which has also been observed by others (Wieser & Leo, 2012; Zimmermann et al., 2000) . However, the two species demonstrated different transpiration and canopy conductance patterns in response to VPD under contrasting soil water conditions, and this would be attributed to their xylem anatomy and water use strategies. Several studies have found that oaks and other ring-porous species tend to be more anisohydric, exhibiting increasingly more negative leaf water potentials with increasing evaporative demand and drought stress (Renninger et al., 2015) . However, both species were found to have similar behavior (Martínez-Vilalta et al., 2014) and considered "partial isohydric" in a synthesis study to compare directly isohydric/anisohydric behavior across species and ecosystem types (Martínez-Vilalta et al., 2014) . Therefore, although differences in anatomy and leaf habit are evident between pines and oaks, results from previous studies are mixed with regard to how these differences will affect physiological functioning of each genus in a resource-limited environment.
The isohydric/anisohydric water use behavior can not only be inferred from leaf level data but also the tree-level regulation of water use (Kumagai & Porporato, 2012) . In our study, Qv appeared to adopt a relatively anisohydric water use strategy as its transpiration and canopy conductance remained the same range at REW < 0.4 as that at REW > 0.4 (Figures 1h and 2) . In comparison to Pt, the larger conduit of Qv and anisohydric water use strategy render this species more vulnerable to cavitation. First, E c of Qv decreased instead of sustained the high level in response to high VPD when REW < 0.4 (Figure 2a) . Second, the probability of diurnal peak E c was concentrated when REW < 0.4 (Figure 4 ). It indicated that the water status and transport capacity of Qv were jeopardized by cavitation and unable to sustain the high-level E c under high VPD. Third, aggravated hysteresis also indicated the possibility of cavitation. Hysteresis in the relationship between E c and VPD has been observed in other studies (Meinzer et al., 1999; Zeppel, Murray, Barton, & Eamus, 2004) . Increased hysteresis under water stress can be attributed to increasing stomatal control of transpiration which is explained by the loss of hydraulic conductance, such as cavitation (O'Grady et al., 2008) . By contrast, Pt demonstrated relatively high E c and G c throughout the whole growing season, but it decreased transpiration under less ideal water conditions, such as at the beginning of the growing season with contrasting rainfall amount (in 2014 vs. 2015) (Figure 1g ) and when REW < 0.4 (Figure 2b,d ). These physiological drought adaptation mechanisms fit a typical water-saving strategy (Brito et al., 2015) . Exposed to water stress, the first response of trees is stomatal control. Decreased canopy conductance caused by stomatal closure due to increasing VPD and soil drought has been found in many species (Gieger & Leuschner, 2004 ; Peters, Gonzalez-Rodriguez, F I G U R E 6 Proportions of water taken up from different layers based on the examined soil profile for Qv and Pt under different soil water conditions. GW stands for groundwater Jiménez, Morales, & Wieser, 2008) . This would prevent transpiration declining to values that could reduce plant water potential such that the xylem water column undergoes catastrophic cavitation (Meinzer & McCulloh, 2013) . Moreover, the xylem tracheids of small diameter of Pt are resistant to cavitation. In terms of stomatal regulation of water transport, conifers are found to have the largest "safety margin" between minimum in situ water potential and the water potential at which 50% of hydraulic conductivity is lost to embolism in a global synthesis study (Choat et al., 2012) . Therefore, the hysteresis loop of this species did not enlarge when REW < 0.4 (Figure 3) . Dated back to 1950s, the forests in this mountain area are of the same age. From the perspective of transpiration, the individual sizes of the same species are similar, but vary between species. Because tree diameter is directly linked to the size of water-conducting area of trees, such differences are partial reason to the differences of total stand transpiration between the two species (Figures 1 and 2) . From the perspective of water uptake depths, studies have been inconsistent with relationship between tree diameter and water uptake depths.
Bigger trees tended to take up soil water closer to the soil surface (Hardanto, Röll, & Hendrayanto-Hölscher, 2017) . By contrast, significant positive linear relationships of tree DBH and water uptake depths of canopy trees were reported in old-growth tropical tree plantation (Andrade, Goldstein, Holbrook, Cavelier, & Wright, 1999) . In another case, no correlations between water uptake depth and DBH were found in a young tropical tree plantation (Schwendenmann, Pendall, Sanchez-Bragado, Kunert, & Hölscher, 2015) . Such inconsistency may be attributed to the fact that there is no fixed relationship between tree diameter and root distribution (Snyder, 2007) , but soil water uptake among species from different soil layers was proved primarily to be the result of differential root depth and architecture (Trogisch, Salmon, He, Hector, & Scherer-Lorenzen, 2016) . In our study, the distribution of root system would also explain the water uptake depth and the transpiration differences. The root biomass of Qv was much higher than that of Pt, especially in the surface layers (0-25 cm), which were rapidly replenished after rainfall. Shallow distributions of root systems may be a reason for sensitive responses to soil moisture recovery (Kume et al., 2007) . Therefore, quick replenishment by Qv was able to alleviate cavitation after rainless intervals and to maintain relatively stable transpiration for the whole growing season. By contrast, Pt demonstrated only one peak of root biomass at the depth of 40-60 cm, and thus relied mainly on water supply from deeper layers that were less subject to evaporation.
| Acquisition of water sources and implications
The xylem water δ Figure 6 ). The ability to access deep soil water may reduce vulnerability to drought, and this seems particularly important for the survival of evergreen trees that must cope with long-lasting soil drought, similar to observations in semi-arid environments (Lubczynski, 2009 ). Due to IsoSource mixing model calculations, groundwater may contribute to plant water uptake (Figure 6 ), the results could be misinterpreted though. First, the isotopic compositions of both species were significantly different from the groundwater (p = .589, Paired t test). Second, the distribution of plant roots is an important factor in determining the depth of plant water use. The relative distribution and activity of surface and deep roots affect the range of water absorbed by plants (Yu, Jie, Nakayama, & Yan, 2007) .
The depth of groundwater in this area is below 23 m, which is much deeper than the distribution depth (~60 cm) of both species in this study. This indicated that the trees did not use groundwater for plant utilization and transpiration, which was consistent with our previous research in this area. So, even the IsoSource mixing model provides a feasible method for quantify plant water uptake from different possible water sources, the results should be interpreted according to the actual conditions (Rothfuss & Javaux, 2017) such as root distribution.
Even with the advantage of a deep root system, conclusive predictions cannot be made regarding the influence of water acquisition strategy on the survival of a species in the future. From the perspective of water accessibility, the survival of a species will be a product of the type of drought shaped by rainfall pattern, combined with the configuration of root systems in different soil layers. Precipitation projections feature great uncertainty (Taylor, de Jeu, Guichard, Harris, & Dorigo, 2012) , and rainfall events of different magnitudes infiltrate different soil layers.
Thus, the predicated future alteration of precipitation regimes over long periods would change the current soil water profile for coexisting species. However, it is insufficient to determine the future composition and structure of the community based only on the projected rainfall pattern because the configuration of the root system in different soil layers determines the capacity of trees to use rainfall pulses.
| CONCLUSION
Throughout the observation periods, Pt demonstrated higher transpiration/canopy conductance than Qv did. This can be seen as the result of different biophysiological response of the two species to water stress. Pt was more responsive to soil water stress by adopting strict stomatal control over transpiration. By contrast, Qv was more prone to adopt anisohydric water use strategy when soil water stress increased. However, the water use strategy of both species comprised access to deep-layer water at this site, but Qv was more efficient to use surface water than Pt due to developed surface root system. The results have implications for forest management in ecologically degraded and drought-prone areas, the selection of sustainable reforestation species, and the development of regional hydrological models.
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